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SUMMARY 


An  investigation  was  undertaken  to  obtain  quantitative  measurements 
of  the  vibratory  forcing  functions  from  the  blades  of  rotary  wing  aircraft 
in  the  flight  speed  range  encompassing  both  pure  and  compound  helicopter 
operation.  These  measurements  were  made  using  dynamically  scaled 
model  rotor  blades  mounted  on  a  specially  instrumented  rotor  head. 
Testing  was  accomplished  in  the  United  Aircraft  Corporation’s  18  foot 
subsonic  wind  tunnel  within  a  range  of  equivalent  forward  speeds  from  75 
to  300  knots  and  within  a  range  of  full  scale  rotor  lifts  from  zero  to  40, 000 
pounds.  In  addition  to  rotor  performance,  the  final  data  include  ten 
harmonics  of  the  orthogonal  blade  root  shear  forces,  rotor  blade  bending 
moments,  and  rotor  control  loads. 

It  was  concluded  from  the  experimental  work  that: 

1)  High  harmonics  of  vibratory  shear  forces  can  be  measured  at  the 
blade  root  over  a  wide  range  of  speeds  and  lifts. 

2)  Only  the  first  harmonic  of  flatwise  and  edgewise  shear  force  is  sig¬ 
nificantly  effected  by  the  flapping  trim  condition  of  the  rotor. 

3)  Elimination  of  lag  damping  may  increase  or  decrease  the  edgewise 
shear  force,  depending  on  its  proximity  of  the  operating  condition 
to  a  blade  natural  frequency. 

4)  Increasing  forward  speed  causes  an  increase  in  both  flatwise  and 
edgewise  shear  forces,  the  latter  becoming  predominant  at  the  high¬ 
est  forward  speeds. 

5)  Increasing  rotor  lift  at  constant  forward  speed  causes  a  gradual  in¬ 
crease  in  the  magnitude  of  the  flatwise  shear  force  harmonics. 

6)  The  radial  shear  force  first  harmonic  longitudinal  component  takes  on 
values  which  can  be  significant,  but  the  fundamental  nature  of  this 
force  is  not  well  defined. 

The  experimental  results  were  correlated  at  seven  test  points  with  a 
fully  coupled  aeroelastic  analysis.  The  evaluation  of  this  work  led  to  the 
following  conclusions: 

1)  The  inclusion  of  wake -induced  velocity  effects  in  the  theoretical 
method  shifts  the  calculated  flatwise  shear  forces  in  a  direction  which 
improves  the  correlp/:n  but  has  no  significant  effect  on  the  calcu¬ 
lated  edgewise  shear  forces. 

2)  The  overall  degree  of  correlation  is  strongly  influenced  by  the  accur¬ 
acy  to  which  the  blade  natural  frequencies  are  known,  the  continuity 
of  the  calculated  induced  velocity  distribution,  and  the  predictability 
of  the  edgewise  rotor  blade  behavior. 
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SYMBOLS 


I 


Dimensional 

Unit 

Ai 

is 

lateral  cyclic  pitch 

degrees 

B 

Is 

longitudinal  cyclic  pitch 

degrees 

c 

blade  chord 

feet 

D 

rotor  drag 

pounds 

L 

rotor  lift 

pounds 

Q 

rotoi  torque 

foot-pounds 

r 

radial  distance  to  local  blade  station 

feet 

R 

rotor  radius 

feet 

V 

forward  speed 

feet  per  second 

vk 

forward  speed 

knots 

“s 

shaft  angle  of  attack 

degrees 

a 

rotor  angle  of  attack,  a  -B, 

S  i.  s 

degrees 

6 

collective  pitch 

degrees 

P 

mass  density  of  air 

slugs  per  cubic 
foot 

* 

azimuth  angle,  measured  from  downwind 
position  in  direction  of  rotation 

degrees 

a 

rotor  angular  velocity 

radians  per 

second 


SYMBOLS 


(continued) 


Nondimensional 


Cd/°' 


CL/<r 


Gq/ch 


number  of  blades 

2  2 

rotor  drag  coefficient- solidity  ratio,  D/7T  R  p  (HR)  cr 
=  D/R3pn2bc 

2  2 

rotor  lift  coefficient -solidity  ratio,  L/7T  R  p  (£l  R)  cr 
=  L/R°/>fl^bc 

2  2 

rotor  torque  coefficient -solidity  ratio,  Q/7 r  R  yo  (HR)  Rcr 


I(x  ^  ^  Mach  number  at  radius  station  x  and  azimuth  position  $  . 

radius  station,  r/R 
L  advance  ratio,  V/flR 

rotor  solidity,  bc/7TR 


Note:  All  Fourier  series  coefficients  for  shear  forces  and 

rotor  blade  flapping  and  lagging  motions  are  based 
on  the  assumption  of  a  positive  series;  i.e. , 

f  (t)  =  AO  +  A1  cos  flt  +  A  2  cos  2ftt  + - +  AN  cos  N  H  t  +  -  -  - 

+  B1  sin  H  t  +  B  2  sin  2  U  t  + - +  BN  sin  N  H  t  +  -  -  - 

where  AN  =  Nth  harmonic  cosine  coefficient 
BN  =  Nth  harmonic  sine  coefficient 


N  =  harmonic  order 


INTRODUCTION 


As  continual  improvements  have  been  made  in  the  performance 
characteristics  of  rotary  wing  aircraft,  attention  to  the  problems  of 
vibratory  loading  ard  associated  structural  fatigue  has  increased.  The 
achievement  of  low  fuselage  vibration  levels  and  subsequent 
improvement  in  aircraft  component  life  and  crew  efficiency  requires, 
however,  a  detailed  knowledge  of  the  origin  of  the  forces  which  excite 
the  fuselage.  Prior  to  the  start  of  this  investigation,  the  cause -effect 
relationship  between  vibratory  loading  and  fuselage  response  was  not 
well  defined.  Previous  studies,  such  as  Reference  1,  have  presented 
rotor  blade  vibratory  airloads  and  stresses,  and  successful  attempts 
have  been  made  to  measure  vibratory  loads  by  instrumenting  the  rotor 
shaft,  as  in  Reference  2.  None  of  these  studies,  however,  have 
reached  the  source  of  fuselage  forced  response;  that  is,  the  vibratory 
forces  fed  into  the  fuselage  from  the  rotor  blades  at  the  blade  root. 

It  was  not  considered  feasible  to  design  and  fabricate  a  rotor  head 
which  could  be  instrumented  to  measure  these  vibratory  forces  until  two 
conflicting  objectives  were  resolved.  First,  maximum  sensitivity  had  to 
be  achieved  so  that  higher  harmonics  of  the  loads  could  be  accurately 
measured;  second,  the  stress  in  the  structural  components  of  such  a 
rotor  head  had  to  be  minimized  to  reduce  the  probability  of  failure.  The 
development  of  the  semiconductor  strain  gage  effectively  closed  the  gap 
between  these  two  objectives,  thus  making  possible  a  detailed  investigation 
of  rotor  blade  vibratory  root  shear  forces. 

The  purpose  of  the  present  investigation  was  to  obtain  quantitative 
measurements  of  the  vibratory  forcing  functions  from  blades  of  rotary 
wing  aircraft  within  the  flight  speed  range  encompassing  both  pure  and 
compound  helicopter  operations.  In  addition,  the  degree  of  correlation 
between  experimental  results  and  theoretical  calculations,  including 
the  effects  of  wake -induced  '  ^locities,  was  to  be  determined.  The 
experimental  data  were  to  be  obtained  from  wind  tunnel  tests  of 
dynamically  scaled  model  rotor  blades  mounted  on  a  specially  designed 
rotor  head  instrumented  to  measure  flatwise,  edgewise,  and  radial 
vibratory  root  shear  forces. 

The  objective  of  this  report  is  to  present  the  experimentally  obtained 
data  and  to  place  these  data  into  a  meaningful  context  by  discussing,  with 
specific  examples,  the  effects  of  forward  speed,  rotor  loading,  lag 
damping,  and  flapping  trim  condition.  The  experimental  results  are 
correlated  with  a  theory  developed  at  Sikorsky  Aircraft,  described  in 
Reference  3. 


I 


DESIGN  DATA  AND  DESCRIPTION  OF  EQUIPMENT 


ROTOR  HEAD 


The  model  rotor  head  was  designed  to  utilize  semiconductor  strain 
gages  having  a  gage  factor  of  approximately  100.  The  structural  compo¬ 
nents  of  the  head,  namely,  the  upper  and  lower  plates,  are  7075 -T6 
aluminum  alloy.  A  fail-safe  mechanism  with  a  safety  factor  of  20  was 
provided  to  prevent  major  damage  in  the  event  of  failure  in  the  instru¬ 
mented  section.  Figure  1  (a)  shows  the  basic  rotor  head  with  the  in¬ 
stalled  semiconductor  strain  gages,  and  Figure  1  (b)  shows  the  assembly 
of  the  head.  The  pitch  control  horns  are  adaptable  to  pitch -flap  coupling 
ratios  of  zero  and  unity,  but  the  present  investigation  was  conducted 
entirely  in  the  83=0  configuration.  Figure  2  is  a  schematic  diagram 
showing  the  force  and  moment  conventions  and  the  location  of  the  strain 
gages. 

CALIBRATION 

The  model  rotor  head  instrumentation  was  statically  calibrated  to 
determine  primary  slopes,  interaction  constants,  and  temperature 
compensation  factors.  In  the  course  of  this  work  it  was  found  that  to 
obtain  a  satisfactory  calibration  matrix,  it  was  necessary  to  include 
measurements  of  the  tangential  moment  on  the  instrumented  section 
caused  by  the  lag  damper  reaction  and  the  edgewise  shear  force.  The 
resolution  of  the  shear  force  measurements  based  on  the  static  calibra¬ 
tions  and  the  noise  level  of  the  data  acquisition  system  was  determined 
to  be: 


Flatwise  ±  0. 17  pound 
Edgewise  ±  0. 12  pound 
Radial  ±  0. 05  pound 

The  repeatability  of  the  shear  forces  determined  during  the  wind  tunnel 
testing  and  the  magnitude  of  the  calibration  matrix  elements  resulted  in 
a  final  shear  force  accuracy  of  ±  0.  2  pound  in  all  three  directions.  The 
flatwise  and  edgewise  shear  force  strain  gage  circuits  were  each  composed 
of  two  active  and  two  dummy  gages  wired  to  measure  the  total  shear  force 
and  to  cancel  bending  in  the  instrumented  section  caused  by  the  shear 
force.  The  radial  shear  force  circuit  was  composed  of  four  active  gages 
in  the  Poisson  arrangement.  This  circuit  also  measured  the  total  shear 
force  and  cancelled  bending.  The  tangential  moment  circuit  was  composed 


2 


r 


% 


« 


of  two  active  and  two  dummy  gages  to  measure  the  bending  moment  on  the 
upper  instrumented  section.  All  of  the  dummy  gages  were  mounted  on  the 
unstressed  center  section  of  the  upper  plate. 

ROTOR  BLADES 


The  model  rotor  blades  were  untwisted,  9-foot  diameter,  2.69-inch 
chord  with  an  NACA  0012  airfoil  section,  and  were  dynamically  scaled  in 
flatwise,  edgewise,  and  torsional  stiffness  properties  from  the  Sikorsky 
S-56  (CH-37)  main  rotor  blades.*  With  the  specially  instrumented,  four- 
bladed  rotor  head,  the  rotor  solidity  is  0.0634.  Figure  3  shows  the  com¬ 
ponents  of  a  model  blade  and  a  fully  assembled  blade.  The  model  spar  was 
built  up  of  laminations  of  fiber  glass  and  paper.  Trailing  edge  pockets 
were  composed  of  balsa  wood  ribs  covered  with  magnesium  and  were 
bonded  to  the  spar.  Figure  4  shows  the  blade  spanwise  mass  and  stiffness 
distributions,  and  Figure  5  shows  the  flatwise,  edgewise,  and  torsional 
natural  frequencies  of  the  blade  as  functions  of  rotor  speed. 

The  development  of  the  fiber  glass  model  blades  evolved  from 
dynamically  scaled  model  rotor  blades  made  of  aluminum,  used  in  studies 
such  as  Reference  4.  These  metal  blades  were  designed  to  operate  at 
full  scale  tip  speeds,  but  the  investigation  of  rotor  behavior  at  high 
forward  speeds  necessitated  the  development  of  blades  which  would  retain 
their  dynamic  similarity  while  operating  at  reduced  tip  speeds.  The 
reduced  speeds  resulted  from  the  desire  to  simulate  forward  speeds 
higher  than  the  wind  tunnel  limit  of  175  knots.  Reference  5  describes  the 
development  of  this  type  of  blade  using  reduced -stiffness  spars  of  fiber 
glass-paper  laminate  construction.  The  various  scaling  ratios,  listed  in 
Table  III,  are  taken  from  reference  5.  The  stiffness  of  the  composite 
spar  s  is  scaled  in  the  flatwise,  edgewise,  and  torsional  directions  from 
full  scale  values.  The  resulting  stiffnesses  are  reduced  from  those  of  the 
aluminum  model  blades  by  a  factor  of  5.5,  so  that  the  reduced  experimen¬ 
tal  velocities  are  1  /^/5T 5  times  the  full  scale  velocities.  For  example, 

at  an  actual  tunnel  speed  ol  *00  knots,  the  fiber  glass  rotor  blades  are 
dynamically  similar  to  the  full  scale  blades  operating  at  100  -/5.  5 
or  235  knots,  and  this  speed  is  referred  to  as  the  equivalent  forward  speed. 


*  The  full  scale  S-56  main  rotor  blades  are  twisted  -8  degrees 
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WIND  TUNNEL 


Testing  was  conducted  in  the  United  Aircraft  Corporation' s  large 
subsonic  wind  tunnel.  This  is  an  atmospheric -density,  closed-return 
tunnel  powered  by  a  9000 -horsepower  motor  and  having  a  maximum 
speed  of  approximately  175  knots.  The  test  section  is  octagonal  in 
cross  section,  18  feet  across  the  opposite  flats.  Remotely  controlled 
air  exchangers  are  employed  to  maintain  constant  stagnation  tempera¬ 
ture  during  operation.  Figure  6  is  an  artist's  drawing  depicting  the  gen¬ 
eral  arrangement  of  the  tunnel. 

HELICOPTER  ROTOR  TEST  RIG 

The  helicopter  rotor  test  rig  (HRTR)  is  equipped  with  a  six -compo¬ 
nent  strain  gaged  balance  and  is  powered  by  a  variable  frequency  electric 
motor  rated  at  375  horsepower  at  6000  rpm.  Figure  7  (a)  shows  an  over¬ 
all  view  of  the  HRTR  mounted  in  the  wind  tunnel,  and  Figure  7  (b)  shows 
the  details  of  the  hub  and  swash  plate  area.  The  coincident  flapping  and 
lagging  hinges  are  located  at  the  5.6  percent  radius  station.  Lagging 
motion  is  restrained  by  rotary  viscous  dampers  having  a  nominal  damp¬ 
ing  factor  of  1.9  foot -pound- second  for  a  lag  motion  amplitude  of  1  degree. 
This  value  represents  55  percent  critical  damping.  The  model  dampers 
have  an  adjustable  damping  feature  which  permits  the  selection  of  any 
desired  damping  factor  within  a  moderate  range  determined  by  the  work¬ 
ing  fluid  in  the  damper.  The  dampers  were  set  to  the  above  value  by 
calibrating  them  in  a  special  calibration  fixture  which  operates  the  dam¬ 
per  at  a  specified  frequency  and  amplitude  and  records  the  resulting 
torque  output.  The  damper  was  adjusted  in  small  increments  until  the 
proper  combination  of  frequency,  amplitude  and  torque  was  reached. 
There  was  a  small  phase  difference  between  the  application  of  the  force 
to  the  damper  and  the  minimum  force  output  indicating  the  presence  of 
spring  force  in  the  damper.  This  was  taken  into  account  in  the  calibra¬ 
tion  so  the  value  stated  above  represents  the  pure  damping  output. 

Rotary  transformers  are  used  to  sense  flapping  and  lagging  motion.  A 
conventional  swash  plate  is  driven  by  three  precision  electric  actuators. 
Collective  and  cyclic  pitch  are  remotely  set  from  a  servo  system  in  the 
wind  tunnel  control  room,  and  the  yaw  table  of  the  wind  tunnel  provides 
variation  in  shaft  angle  of  attack. 

The  HRTR  drive  motor  is  supported  by  frictionless  hydrostatic  oil 
bearings.  The  motor  case  is  restrained  from  rotation  by  a  strain  gage 
torque  beam  to  measure  rotor  torque.  Axial  displacement  of  the  motor - 
shaft  system  is  limited  by  a  strain  gage  thrust  beam.  The  rotor  head  is 
supported  by  a  four -component  strain  gage  balance  which  was  not  used  in 
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this  test  program,  as  this  balance  is  sized  for  larger  forces  than  were 
anticipated  for  this  test.  Electric  signals  are  transmitted  from  the 
rotating  system  to  the  stationary  system  through  a  100-channel  slip  ring 
assembly. 

Dynamic  data  from  the  rotor  test  rig  are  recorded  on  a  20 -channel 
EPSCO  data  acquisition  system.  Each  channel  is  scanned  36  times  per 
revolution  for  six  revolutions.  The  information  is  received  from  the 
HRTR  in  analog  form,  digitized,  and  recorded  on  magnetic  tape.  These 
data  are  transmitted  to  an  IBM  7094  data  processing  unit  and  reduced. 

The  primary  data  reduction  program  reduces  the  performance  data  to 
dimensional  and  coefficient  form  in  the  wind  and  shaft  axes  systems. 

Tare  forces  and  moments  on  the  rotor  hub,  obtained  with  the  blades 
removed,  are  subtracted  from  the  measured  data,  so  that  the  reduced 
performance  data  correspond  to  that  from  the  rotor  blades  alone.  Blade 
motions  and  bending  moment  data  are  reduced  to  average  and  peak-to-peak 
values.  The  secondary  data  reduction  program  performs  a  harmonic 
analysis  on  all  20  channels  of  information.  The  measured  shear  force  and 
tangential  moment  data  are  further  reduced  to  correct  for  calibration 
interactions  and  blades -off  tares,  and  finally  these  data  are  corrected  for 
the  effects  of  hub  flexibility,  as  discussed  in  the  section  on  experimental 
procedures. 

THEORETICAL  METHOD 


The  theoretical  method  of  Reference  3  was  used  to  correlate  the 
experimental  data  obtained  in  this  program.  This  method  is  a  fully 
coupled  flatwise,  edgewise,  torsional  aeroelastic  analysis  based  on  an 
extension  of  Myklestad's  method  for  rotating  beams.  A  variable  inflow 
analysis,  developed  by  the  Cornell  Aeronautical  Laboratory,  Inc.  (CAL) 
and  described  in  Reference  6,  was  combined  with  the  blade  aeroelastic 
analysis.  The  analytical  procedure  included  an  initial  determination  of 
flatwise  and  torsional  rotor  blade  motion  with  a  uniform  inflow  iteration 
to  obtain  required  values  of  rotor  lift  and  propulsive  force.  This 
information  was  used  in  the  CAL  analysis  to  obtain  a  distribution  of 
induced  velocity  at  ten  radial  blade  stations  and  twenty -four  azimuth 
locations.  With  this  distribution,  using  the  first  flatwise  shear  force 
harmonic  as  a  boundary  condition,  a  second  iteration  was  made  on  the 
rotor  life  and  propulsive  force,  which  gave  final  values  of  blade  motions 
and  loadings. 
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SIGN  CONVENTIONS 


The  sign  convention  used  is  that  a  positive  sign  indicates: 
Measurement  Direction 


Flatwise  Shear  Force 
Edgewise  Shear  Force 
Radial  Shear  Force 
Flatwise  Bending  Moment 
Edgewise  Bending  Moment 
Torsion  Moment 

e 


Upward 

In  direction  of  rotor  rotation 
Radially  outward  from  rotor 
Upper  surface  in  compression 
Trailing  edge  in  compression 
Leading  edge  upward 
Leading  edge  upward 
Rotor  Shaft  tilted  downstr  eam 

Pitch  reduction  at  \J/  *  0  degrees 

Pitch  reduction  at  \p  =  90  degrees 


V 
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EXPERIMENTAL  PROCEDURE 


HELICOPTER  ROTOR  TEST  RIG  IMPEDANCE 

Since  it  .is  desirable  to  have  vibratory  shear  force  results  which  are 
independent  of  the  particular  rotor  test  rig  employed,  the  measured 
shear  forces  must  be  corrected  for  the  effects  of  the  displacements  of 
the  hub,  which  induce  extraneous  forces  in  the  instrumented  section  of 
the  rotor  head.  These  displacements  are  caused  by  the  shear  forces 
themselves;  therefore,  the  correction  factors  must  be  determined  from 
the  test  data  in  conjunction  with  predetermined  properties  of  the  rotor 
test  rig. 

The  analytical  background  of  this  procedure  is  based  on  the  fact 
that  the  deflections  of  the  rotor  hub  can  be  predicted  with  a  knowledge  of 
the  applied  forces.  Such  deflections  are  determined  by  dividing  the 
measured  shear  forces  by  an  experimentally  determined  rotor  hub 
impedance.  The  product  of  this  quotient  and  the  rotor  blade  impedance, 
determined  analytically,  yields  the  force  induced  on  the  blade  by  the 
hub  motion.  This  force  is  then  subtracted  from  the  measured  results 
to  produce  ~the  final  shear  force,  reflecting  only  the  effects  of  the  rotor 
blade  loading  and  no  effects  of  the  supporting  structure  motion.  The 
correction  can  be  written  in  the  form  of  a  matrix  equation,  as  follows: 


{corrected  shear  force  j  =  {measured  shear  force 


theoretical 

experimental  1 

f  measured  1 

blade  impedance 

HRTR  impedance  _ 

\shear  force  j 

To  determine  the  rotor  test  rig  impedance,  a  special  rotor  head  was 
fabricated  which  matched  the  weight  of  the  one  to  be  used  in  the  wind 
tunnel  testing.  This  head  was  mounted  on  the  HRTR  in  the  wind  tunnel, 
and  to  it  was  attached  an  electromagnetic  shaker  with  appropriate 
instrumentation  to  measure  forces  and  displacements.  By  taking 
measurements  over  a  range  of  excitation  .frequencies  in  the  axial  and 
in-plane  directions,  the  variation  of  HRTR  impedance  and  principal  axes 
was  determined  within  the  range  of  frequencies  to  which  the  rig  would  be 
subjected  during  actual  testing.  For  a  rotor  with  "n"  blades,  the  n^ 
harmonic  of  the  flatwise  root  shear  forces  combine  to  produce  an  n/rev 
vertical  excitation  of  the  fuselage.  The  (n  +  1)  and  (n  -  1)  harmonics  of 
the  flatwise  root  shears  combine  to  form  n/rev  hub  moments  resulting  in 
vibratory  pitching  and  rolling  moments  of  the  airframe.  The  (  n  +  1)  and 
(n  -  1)  harmonics  of  the  edgewise  root  shear  forces  combine  to  form 
n/rev  longitudinal  and  lateral  in -plane  forces  at  the  rotor  head.  Since  the 
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test  rotor  was  a  four-bladed  configuration,  only  the  third,  fourth,  fifth, 
seventh,  eighth,  and  ninth  shear  force  harmonics  affected  hub  motions. 
Because  in  an  "n"  bladed  rotor  system  only  integer  multiples  of  the  n 
frequency  will  be  seen  in  the  fixed  system,  the  hub  motion  corrections 
were  confined  to  the  four -per -revolution  and  eight -per -revolution 
frequencies.  The  final  test  conditions  were  selected,  whenever  possible, 
so  that  the  rotor  speeds  would  correspond  to  frequencies  away  from  those 
of  low  HRTR  impedance,  in  order  to  minimize  the  correction  factors  on 
the  measured  data.  The  corrections  of  the  shear  forces  based  on  this 
analysis  were  approximately  0.1  pound  throughout  the  test,  and  the 
maximum  correction  was  approximately  0.7  pound.  It  was  determined 
prior  to  testing  that  the  motion  of  the  HRTR  would  not  alter  the  rotor  blade 
impedance  characteristics  by  a  significant  amount,  so  that  these 
characteristics  were  reduced  to  functions  of  rotor  speed  only.  An  example 
of  the  HRTR  impedance  matrix  for  a  rotor  speed  of  636  rpm  is  given 
below. 


upstream  direction  advancing  blade  direction 

real  imaginary  real  imaginary 

4  per  rev.  I"  -  1570.1b/in.  -  765  lb/in.  -  7050  lb/in.  -  2420  lb/in.l 

8  per  rev.  [  -  3750  lb/in.  -  4920  lb/in.  -  4920  lb/in.  -  4750  lb/in.J 

The  impedances  in  the  rotor  shaft  direction  were  large  enough  to  be 
considered  infinite  in  comparison  to  the  impedances  shown  in  the  above 
matrix. 

WIND  TUNNEL  TESTING 


The  wind  tunnel  testing  procedure  was  to  set  a  desired  rotor  tip 
speed,  shaft  angle  of  attack,  and  tunnel  speed  and  then  to  record  data  at 
each  of  a  series  of  increasing  collective  pitch  settings.  The  minimum 
value  of  collective  pitch  was  that  required  for  zero  thrust;  and  at  each 
collective  pitch,  longitudinal  and  lateral  cyclic  pitch  were  adjusted  to 
eliminate  first  harmonic  flapping  in  respect  to  the  rotor  shaft.  This 
cyclic  pitch  condition  was  defined  as  trimmed.  For  some  test  conditions, 
the  cyclic  pitch  values  were  set  to  yield  longitudinal  first  harmonic 
flapping  of  -4  degrees  (forward),  while  holding  the  lateral  flapping  at  zero 
to  determine  the  influence  of  out -of -trim  flapping  on  the  vibratory  shear 
forces.  The  maximum  collective  pitch  was  determined  by  the  limiting 
vibratory  stress  amplitude  on  the  rotor  head  or  blades.  The  tested  rotor 
operating  conditions  are  shown  in  Figure  8  and  Table  I.  In  the  remainder 
of  the  report  these  conditions  are  referred  to  by  the  nominal  advance 
ratio  values,  0.2,  0.3,  0.4,  0.5,  0.7,  and  1.0. 
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EXPERIMENTAL  RESULTS 


Table  I  is  a  listing  of  each  test  point  in  this  program.  Shaft:  and 
rotor  angle  of  attack,  non-dimensionalized  thrust  and  torque,  nominal 
collective  pitch,  and  flapping  and  lagging  motion  are  listed  for  each 
advance  ratic.  The  flapping  and  lagging  motion  harmonic  amplitudes  are 
printed  to  three  decimal  places  since  the  reproduction  of  the  table  was 
done  directly  from  the  test  data  through  the  data  processing  unit,  but 
these  amplitudes  are  only  accurate  to  one  decimal  place  or  0. 1  degree. 

The  complete  test  results  are  presented  in  the  appendices,  and  the 
most  significant  of  these  are  presented  again  and  discussed  in  the 
following  section. 

The  first  through  tenth  harmonic  orthogonal  components  of  flatwise 
and  edgewise  vibratory  shear  force  obtained  in  the  wind  tunnel  tests  are 
presented  in  Appendix  I.  The  flatwise  force  coefficients  are  shown  as 
functions  of  rotor  lift  coefficient -solidity  ratio,  and  the  edgewise  force 
coefficients  as  functions  of  rotor  torque  coefficient -solidity  ratio.  These 
data  are  grouped  by  advance  ratio,  each  group  covering  a  range  of  shaft 
angle  of  attack. 

The  first  through  fourth  harmonic  orthogonal  components  of  radial 
shear  force  are  presented  in  Appendix  II.  The  first  harmonic  cosine 
coefficient  is  shown  as  a  function  of  rotor  angle  of  attack  for  constant 
collective  pitch  at  eack  advance  ratio.  The  variation  of  this  coefficient 
with  changes  in  trim  and  lag  damping  is  indicated  by  flagged  and  double 
flagged  symbols,  respectively.  None  of  the  other  harmonic  coefficients 
of  radial  shear  force  reached  magnitudes  approaching  those  of  the  first 
cosine  harmonic,  instead,  they  were  approximately  one  pound  or  0. 3 
percent  of  the  steady  radial  load.  The  radial  shear  force  harmonics 
above  the  fourth  did  not  exceed  the  one  pound  level  at  any  test  point  and 
are  not  presented.  The  remaining  radial  shear  force  coefficients  are 
given  as  functions  of  rotor  lift  coefficient -solidity  ratio. 

Flatwise  rotor  blade  bending  moments  were  measured  at  four  radial 
stations  on  the  blade  at  21,  33,  47,  and  64  percent  radius.  Throughout 
the  range  of  test  conditions,  the  flatwise  moment  at  the  inboard  station, 
21  percent  radius,  was  consistently  the  largest  measured  moment.  This 
fact  is  substantiated  in  the  following  section  of  the  report.  The  radial 
locations  of  the  largest  measured  edgewise  and  torsional  moments  are 
also  verified  in  that  section.  Part  (a)  of  the  figures  in  Appendix  111 
gives  the  one -half  peak -to -peak  values  of  the  flatwise  moment  at  0. 21R 
as  it  varies  with  rotor  angle  of  attack  for  constant  collective  pitch  and 


advance  ratio.  A  flatwise  moment  of  21  inch -pounds  at  this  radial 
station  on  the  blade  corresponds  to  a  stress  of  10, 000  psi  on  an  equivalent 
rotor  blade  made  of  aluminum;  i.e.,  it  has  the  same  unit  strain.  Edge¬ 
wise  bending  moments  were  measured  at  21,  33,  and  47  percent  radial 
stations  on  the  blade.  The  location  of  the  maximum  measured  value 
varied  between  the  inboard  and  outboard  stations  within  the  range  of 
test  conditions.  Part  (b)  of  the  figures  in  Appendix  111  presents  the  one- 
half  peak-to-peak  edgewise  moment  at  the  21  percent  station  as  a  function 
of  rotor  angle  of  attack  for  constant  collective  pitch  and  advance  ratio.  An 
edgewise  moment  of  56  inch -pounds  at  this  station  on  the  blade  corresponds 
to  10, 000  psi  edgewise  stress  on  an  equivalent  aluminum  blade.  Part  (c) 
of  the  same  set  of  figures  is  a  plot  of  the  moments  measured  in  the 
edgewise  direction  at  the  47  percent  radial  station,  with  29  inch -pounds 
giving  the  equivalent  of  10, 000  psi  stress.  The  rotor  blade  torsional 
moment  was  measured  at  the  17.5,  38,  and  90  percent  radial  stations. 

The  inboard  moment  was  largest  at  all  test  points,  and  its  one -half  peak- 
to-peak  value  is  presented  in  part  (d)  of  the  figures  of  Appendix  111  in  a 
manner  identical  to  that  of  the  other  blade  moments.  A  35  inch -pound 
torsional  moment  at  the  17.5  percent  radial  station  corresponds  to  10,000 
psi  on  the  equivalent  aluminum  blade.  The  change  in  each  cf  the  three 
blade  bending  moments  resulting  from  out -of -trim  operation  is  indicated 
by  the  flagged  symbols  on  the  plots  for  the  advance  ratio  of  0.  2.  The 
change  resulting  from  elimination  of  lag  damping  is  indicated  by  double  - 
flagged  symbols  on  the  plots  for  advance  ratios  0.  2  and  0. 5. 

Rotor  control  loads  were  measured  on  the  push  rod  for  the  instrument¬ 
ed  blade.  The  one -half  peak-to-peak  values  of  this  load  are  presented  in 
Appendix  IV  in  a  form  identical  to  that  of  the  blade  bending  moments. 
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EVALUATION  OF  EXPERIMENTAL  RESULTS 


OUT -OF -TRIM  OPERATION 


The  effect  of  out -of -trim  operation  of  the  flatwise  and  edgewise 
vibratory  shear  forces  can  be  seen  by  comparing  parts  (a)  and  (b)  of 
Figure  9,  which  are  taken  directly  from  Appendix  I.  The  only  force 
harmonic  which  is  significantly  altered  by  adjusting  the  first  harmonic 
flapping  with  respect  to  the  shaft  to  -4  degrees  in  the  longitudinal 
direction  is  the  first  harmonic,  which  produces  a  pitching  moment  in 
the  fixed  system  of  coordinates.  In  particular,  the  amplitude  of  the 
first  harmonic  shear  in  both  the  flatwise  and  edgewise  directions  takes 
on  a  value  on  the  order  of  double  that  of  trimmed  operation.  This 
behavior  is  what  would  be  expected  since  a  one  per  revolution  forcing 
function  is  being  introduced  in  the  system.  Figure  9  also  shows  that 
the  phase  of  the  first  harmonic  shear  force  becomes  less  sensitive  to 
changes  in  rotor  lift  when  the  rotor  is  taken  out -of -trim.  The  effect 
on  the  cosine  component  of  the  first  radial  shear  force  harmonic  is 
not  well  defined,  but  the  points  in  Figure  60  of  Appendix  II  indicate 
that  this  component  is  generally  increased  by  operation  out -of -trim. 

The  data  in  Figure  85  of  Appendix  Ill  reveal  that  the  principal  effect 
of  out -of -trim  operation  on  blade  bending  moments  is  ai  increase  in  the 
one-half  peak -to -peak  flatwise  moment  approximately  equivalent  tc  that 
resulting  from  a  2 -degree  increase  in  collective  pitch  or  roughly  a 
7500-pound  increase  in  full-scale  rotor  lift.  However,  the  edgewise  and 
torsional  moments  are  not  significantly  altered.  It  should  be  noted  that 
because  of  the  flapping  and  lagging  motion  of  the  blades,  the  blade  bending, 
and  the  variation  of  the  blade  pitch  over  the  rotor  disk;  the  axis  system  in 
which  the  blade  bending  moments  are  measured  is  being  continually 
displaced  in  both  translational  and  rotational  directions  with  respect  to 
the  axis  system  in  which  the  root  shear  forces  are  measured.  As  a 
result,  there  is  a  large  interaction  between  events  occuring  in  any  one 
direction  of  the  blade  axis  system  and  the  three  directions  of  the  shear 
force  axis  system.  This  effect  is  seen  above  where  operation  out -of -trim 
caused  a  change  in  the  edgewise  shear  force  with  no  significant  change  in 
the  edgewise  blade  bending  moment. 

EFFECT  OF  LAG  DAMPING 

The  effect  of  lag  damping  on  the  vibratory  shear  forces  and  blade 
moments  must  be  evaluated  in  light  of  the  proximity  of  the  rotor  operating 
condition  to  an  edgewise  blade  natural  frequency.  For  this  reason  two 
rotor  speeds  are  considered.  At  the  advance  ratio  of  0.  2,  the  first 
edgewise  bending  frequency  is  very  nearly  three  per  revolution,  whereas 
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at  the  higher  advance  ratio  ,  0. 5,  at  which  the  rotor  tip  speed  is  reduced, 
the  first  edgewise  bending  frequency  is  farther  removed  from  a  resonance 
point,  as  shown  in  Figure  5.  Comparing  parts  (a)  and  (b)  of  Figure  10, 
which  is  taken  directly  from  Appendix  1,  it  is  seen  that  removal  of  the  lag 
damping  at  the  condition  near  the  edgewise  natural  frequency 
results  in  an  increase  in  the  edgewise  shear  force  harmonics  shown, 
particularly  the  third;  which  displays  an  increase  in  maximum  amplitude 
of  about  25  percent.  Removal  of  lag  damping  at  the  other  condition 
results  in  a  decrease  in  the  edgewise  shears,  as  seen  by  comparing  parts 
(a)  and  (b)  of  Figure  11.  The  third  harmonic  amplitude  decreases  20 
percent  at  Cq/<t  =0.005  for  this  case.  The  remaining  shear  force 
harmonics  for  these  four  test  conditions,  given  in  Appendix  I,  show  that 
the  edgewise  force  harmonics  above  the  fourth  behave  essentially  the  same 
as  those  shown  in  Figures  10  and  11  and  that  the  flatwise  shear  force 
increases  with  the  removal  of  lag  damping  at  both  rotor  speeds.  The 
latter  effect  results  from  the  increase  in  flatwise  blade  bending  moments 
discussed  below.  The  effect  of  lag  damping  on  the  radial  shear  force  is 
not  clearly  indicated  by  the  data  taken  from  fi  =0. 2,  but  Figure  63  of 
Appendix  11  for  /x  =0.5  shows  a  definite  pattern  in  which  the  first 
cosine  harmonic  is  initially  reduced  but  later  reverses  as  the  collective 
pitch  is  increased  and  eventually  increases  at  the  higher  collective 
pitches. 

The  data  in  Appendix  111  show  that  removal  of  lag  damping  results  in 
a  slight  increase  in  flatwise  and  torsional  blade  bending  moments  at  both 
rotor  speeds.  This  moment  increase  is  largest  at  the  high  collective 
pitch  settings  and  is  essentially  zero  at  the  low  settings.  This  effect  is 
a  result  of  the  fact  that,  •  xperimentally,  more  longitudinal  cyclic  pitch 
was  required  co  maintain  the  rotor  in  a  trimmed  condition  when  the  lag 
damping  was  removed  than  with  full  lag  damping.  It  is  not  clear  why 
this  additional  cyclic  pitch  is  necessary,  but  the  effect  is  consistent 
throughout  the  test.  The  edgewise  bending  moments  at  the  inboard 
radial  station  are  increased  at  both  rotor  speeds  by  an  amount  equivalent 
to  a  one  degree  increase  in  collective  pitch  or  an  increase  in  full  scale 
lift  of  approximately  4000  pounds.  At  the  outboard  station  the  increment 
in  edgewise  moment  due  to  the  removal  of  lag  damping  is  much  larger  at 
the  higher  rotor  speed  than  it  is  at  the  lower  speed.  The  increase  at  the 
lower  speed  at  this  station  is  of  the  same  order  of  magnitude  as  the 
increases  on  the  inboard  station.  This  is  seen  in  Figure  12,  which  is 
a  plot  of  data  extracted  from  Appendix  IV.  This  effect  of  rotor  speed  on 
the  edgewise  response  to  changes  in  lag  damping,  is  related  to  the  effects 
of  the  rotor  operating  condition's  being  near  an  edgewise  natural  frequency, 
already  discussed  in  connection  with  the  edgewise  shear  force.  It  would 
be  expected  that  the  removal  or  reduction  of  lag  damping  at  rotor  speeds 
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remote  from  an  edgewise  natural  frequency  would  cause  a  reduction  rather 
than  an  increase  in  the  edgewise  bending  moments  because  the  restraining 
load  on  the  blade  root  is  reduced.  For  the  rotor  speed  in  question, 
however.  Figure  5  shows  that  the  test  point  is  not  sufficiently  removed 
from  the  critical  speed  to  preclude  the  presence  of  resonant  excitation 
effects.  The  trend  of  reduction  in  edgewise  bending  moment  and  shear 
force  with  changes  in  rotor  speed  away  from  the  critical  value  is  clear, 
nevertheless,  and  for  an  advance  ratio  of  0.7,  Figure  12  shows  edgewise 
moments  which  are  considerably  lower  than  those  measured  with  full  lag 
damping. 

EFFECT  OF  FORWARD  SPEED 

Figure  13  shows  the  effect  of  forward  speed  on  the  flatwise  and 
edgewise  shear  forces.  The  amplitudes  of  the  second  through  tenth 
harmonic  coefficients,  derived  from  the  data  presented  in  Appendix  I, 
are  presented  as  functions  of  advance  ratio  for  a  constant  rotor  lift 
coefficient  -  solidity  ratio  of  0.035  and  a  shaft  angle  of  attack  of  -4 
degrees  with  the  rotor  trimmed  to  zero  flapping  with  respect  to  the 
shaft.  The  shear  force  amplitudes  are  nondimensionalized  by  the  lift 
per  blade  to  provide  an  indication  of  the  magnitude  of  the  vibratory  loads 
relative  to  the  steady  loading  on  the  rotor.  The  flatwise  vibratory  loading 
shows  a  general  increase  with  forward  speed  in  all  harmonics.  In  some 
harmonics,  particularly  the  third  and  fourth,  the  increase  is  very  rapid 
as  the  advance  ratio  exceeds  0.5.  The  same  pattern  is  evident  in  the 
edgewise  vibratory  loading,  with  the  third  and  fourth  harmonics  again 
reaching  very  large  values  at  (jl  =0.7.  This  flatwise  and  edgewise  shear 
force  response  stems  directly  from  the  change  in  the  behavior  of  the  rotor 
blade  in  the  edgewise  direction  as  the  forward  speed  is  increased.  This 
change  is  discussed  below.  The  effect  of  forward  speed  on  the  first 
cosine  harmonic  of  the  radial  shear  force  can  be  assessed  from  Figures 
60  through  64  in  Appendix  II.  In  general,  increasing  forward  speed 
causes  this  shear  component  to  change  from  a  nose  down  pitching  moment 
component  to  a  nose  up  component.  The  magnitude  of  this  shear  force 
was  not  anticipated  and  the  cause  of  the  measured  behavior  could  not  be 
determined  without  an  extensive  analytical  effort,  beyond  the  scope  of  the 
present  study. 

Figure  14  presents  the  one -half  peak -to -peak  blade  bending  moments 
as  functions  of  advance  ratio.  The  test  points,  listed  in  Table  11,  included 
those  for  as=  -4  degrees  for  M  =  0.2,  0.4,  0.5,  and  0.7,  and  for 
H*  ~  0. 3  with  Cj^/j  =  0.062.  The  lift  coefficient -solidity  ratios  are  not 
constant  for  these  five  points  but  decrease  with  forward  speed,  as 
would  be  the  case  in  compound  helicopter  operation,  from 
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Cl/ct  =0.071  at  =0.2tocL/cr  =0.032  at  /x  =  0.7.  The 
results  shown  represent  a  more  realistic  situation  as  comparedffor 
instance,  to  the  case  with  a  constant  CL/cr  equal  to  0.032.  The  blade 
moments  in  all  three  directions  increase  with  advance  ratio.  The  edge¬ 
wise  and  torsional  moments  are  strongly  influenced  by  the  forward  speed 
above  the  0. 5  advance  ratio.  It  is  notable  that  the  maximum  flatwise 
bending  moment  occurs  at  the  inboard  radial  station  throughout  the 
forward  speed  range  as  does  the  maximum  torsional  moment,  while  the 
edgewise  moment  shifts  from  the  inboard  end  of  the  blade  to  the  outboard 
end  as  the  forward  speed  is  increased.  The  time  histories  of  these 
moments  can  be  seen  in  Figures  18,  21,  22,  23,  and  24;  and  it  is 
evident  that  the  shift  of  the  maximum  edgewise  bending  moment  station 
is  a  result  of  the  change  in  the  participation  of  edgewise  bending  modes. 

At  the  low  advance  ratios  the  first  elastic  mode  predominates,  but  as  the 
speed  is  increased  additional  modes  become  significant  so  the  station  of 
maximum  bending  moment  ?>  changed  accordingly.  It  should  also  be 
noted  that  with  the  flatwise  stiffness  distribution  given  in  Figure  4,  the 
maximum  bending  stress  tends  to  occur  at  the  64  percent  radial  station, 
which  is  in  accord  with  flight  measurements. 

The  time  histories  of  the  flatwise,  edgewise,  and  radial  shear 
forces  at  the  same  five  test  points  are  shown  in  Figures  15,  16,  and  17; 
from  them  the  change  in  harmonic  content  with  forward  speed  can  be 
observed.  As  the  advance  ratio  is  increased  from  0. 2  to  0. 4,  the 
first  harmonic  predominates  in  all  three  directions  with  some  high 
harmonics  of  small  amplitude  appearing  in  no  definite  pattern.  Above 
0.4,  all  of  the  forces  are  predominately  fourth  harmonic.  This  effect 
would  cause  a  change  in  the  fuselage  forcing  functions  from  a  steady 
moment  at  the  low  speeds  to  a  four  per  revolution  excitation  at  the 
high  speeds.  The  cause  of  this  variation  of  shear  force  harmonic 
content  can  be  determined  from  the  points  in  question  shown  in  Figures 
18  through  24,  which  present  the  azimuthal  plots  of  blade  bending  moments 
at  all  seven  points  listed  in  Table  II.  The  striking  feature  in  these  plots 
is  the  character  of  the  edgewise  bending  moment  at  the  high  advance 
ratios.  Essentially,  it  is  composed  of  the  fourth  harmonic  with  an 
amplitude  on  the  outboard  station  reaching  20  inch -pounds.  Since  the 
flatwise  bending  moment  does  not  exhibit  the  same  character,  it  can  be 
concluded  that  at  the  0.7  advance  ratio  the  shear  forces  are  primarily 
influenced  by  the  edgewise  blade  bending  through  the  mechanism  of  the 
displacement  of  the  blade  axis  system  from  the  shear  force  axes  system. 

Looking  now  at  the  change  in  harmonic  content  of  the  blade  bending 
moments  with  forward  speed  in  Figures  18,  21,  22,  23,  and  24,  the 
edgewise  moment  is  seen  to  be  essentially  third  harmonic  at  the  lower 


advance  ratios  as  would  be  expected  because  of  the  nearness  of  the  rotor 
speed  tc  the  edgewise  natural  frequency  point.  At  the  higher  advance 
ratios,  however,  the  rotor  speed  is  reduced  and  moves  away  from  the 
critical  speed,  but  does  not  closely  approach  the  four  per  revolution 
natural  frequency.  Therefore,  the  edgewise  behavior  at  these  high 
advance  ratios  cannot  be  categorically  attributed  to  resonant  excitation. 
The  list  of  lag  motion  harmonics  in  Table  I  for  the  fJL  =  0.7  data  point 
shows  a  fourth  harmonic  amplitude  larger  than  any  others  but  the  first, 
and  a  comparison  in  Table  I  with  the  lower  speed  points  reveals  that  the 
first  harmonic  lag  motion  dominates  all  other  harmonics  in  amplitude. 
Although  the  magnitudes  being  compared  are  on  the  borderline  of  the 
measuring  system  accuracy,  an  aerodynamic  source  of  the  high  speed 
edgewise  behavior  is  implied;  but  this  has  not  been  positively  determined. 
It  was  observed  during  testing  that  removal  of  the  lag  damping  at  the 
high  forward  speeds  resulted  in  a  reduction  of  the  fourth  harmonic 
magnitude  and  in  an  increase  in  the  third  harmonic  magnitude  of  the 
edgewise  blade  response.  It  should  also  be  noted  that  the  test  data  at 
ft  =  1.0  show  the  same  effect:  a  large  fourth  harmonic  with  lag  damping 
and  a  shift  toward  the  third  harmonic  with  reduced  lag  damping,  even 
though  the  rotor  speed  is  15  percent  lower  at  this  condition  than  it  is  in 
the  fi  =  0.7  condition.  Investigation  of  this  phenomenon  is  impeded  by 
the  shortage  of  experimental  dynamic  data  at  high  forward  speeds  and  by 
the  complexity  of  the  actual  lag  damper  behavior.  While  the  moment 
output  is  nominally  pure  damping  linearly  related  to  the  velocity,  as 
discussed  in  the  section  entitled  "Helicopter  Rotor  Test  Rig";  there  is 
some  spring  content  which  varies  in  a  complex  manner  with  frequency 
and  amplitude.  The  exact  determination  of  these  characteristics  is  beyond 
the  scope  of  the  present  study.  In  this  program,  the  structural  limitations 
of  the  special  rotor  head  precluded  extensive  data  taking  at  the  high 
advance  ratios  because  of  the  very  large  vibratory  forces  involved. 
Designing  for  such  large  forces  would  have  reduced  measuring  accuracy 
at  lower  values  of  advance  ratio,  fj.  . 

The  torsional  moment  in  Figures  18  through  21  is  essentially 
first  harmonic  in  character  at  the  low  forward  speeds,  reflecting  the 
cyclic  pitch  input.  At  the  higher  speeds,  appearing  first  at  an  advance 
ratio  of  0. 4,  the  torsional  moment  has  an  increasing  content  of  high 
harmonics,  particularly  at  the  inboard  stations.  At  the  two  highest 
advance  ratios,  0.5  and  0.7,  presented  in  Figures  23  and  24,  the  eighth 
harmonic  response  can  be  traced  to  the  proximity  of  a  natural  frequency 
at  580  rpm.  The  harmonic  content  of  the  flatwise  bending  moments  is 
difficult  to  visualize  because  of  the  effects  of  high  seventh,  eighth,  ninth, 
and  tenth  airload  harmonics  at  all  forward  speeds.  It  is  apparent, 
however,  from  Figures  18  through  24,  that  the  third  and  fourth  harmonics 
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show  a  large  increase  with  increasing  forward  speed  relative  to  the 
increases  that  take  place  in  the  high  harmonics.  None  of  this  is 
attributable  to  resonant  excitation  of  flatwise  modes,  but  coupling  with 
edgewise  blade  response  undoubtedly  contributes  to  this  part  of  the 
flatwise  response,  particularly  since  both  the  collective  and  cyclic  pitch 
settings  are  high  under  these  conditions;  i.e. ,  0  =  12  degrees, 

Bis=13. 7  degrees  at  z  0.7  . 

EFFECT  OF  ROTOR  LIFT 


Figures  25  ,  26,  and  27  present  the  time  histories  of  the  flatwise, 
edgewise,  and  radial  shear  forces  at  a  constant  advance  ratio  of  0.  3 
for  a  range  of  rotor  lift  under  trimmed  conditions.  A  phase  change  in 
the  first  harmonic  is  readily  apparent  in  all  three  components.  In 
addition,  the  initail  reduction  and  subsequent  increase  in  this  harmonic 
can  be  seen  by  comparing  the  middle  load  conditions  with  the  high  and  low 
conditions.  This  comparison  also  reveals  that  the  magnitude  of  the  higher 
harmonics  changes  very  little  over  the  range  of  lift.  It  should  be  noted 
that  the  lowest  equivalent  forward  speed  in  this  program  was  approximately 
75  knots,  and  due  to  the  variation  of  wake -induced  velocity  effects  with 
forward  speed  the  results  discussed  herein  cannot  generally  be  extra¬ 
polated  to  lower  speeds. 

The  correlation  between  rotor  thrust  level  and  vibratory  loading  is 
shown  in  Figure  28.  The  amplitudes  of  the  flatwise  and  edgewise  shear 
force  harmonics,  obtained  from  Figure  50  of  Appendix  I,  are  presented 
as  functions  of  rotor  lift  coefficient  -  solidity  ratio  at  an  advance  ratio  of 
0. 3  and  a  shaft  angle  of  attack  of  -4  degrees.  The  amplitudes  are 
nondimensionalized  by  the  lift  per  blade,  and  data  for  C^/  a  below  0.04 
are  not  plotted  in  order  to  avoid  the  distortion  that  takes  place  as  the  lift 
goes  to  zero.  The  low  flatwise  harmonics  show  an  increase  as  the  rotor 
lift  increases.  Except  for  the  seventh  and  tenth,  the  harmonics  above 
the  fourth  remain  low  throughout  the  range  of  lift.  The  rotor  speed  at 
this  advance  ratio,  fi  =  0.  3,  yields  an  operating  condition  close  to  the 
seven  per  revolution  natural  frequency  of  the  third  flatwise  blade  bending 
mode  and  the  ten  per  revolution  natural  frequency  of  the  fourth  flatwise 
mode,  explaining  the  departure  of  the  seventh  and  tenth  harmonics  from 
the  pattern  of  the  others.  Looking  at  the  harmonics  of  flapping  motion 
for  fj.  -  0. 3  and  CL  s=  -4  degrees^it  is  seen  that  the  ampb'tudes  of 
second,  third,  and  fourth  harmonic  flapping  increase  with  rotor  lift.  It 
is  this  effect  which  produces  the  increase  in  the  flatwise  shear  force 
second,  third,  and  fourth  harmonics  seen  in  Figure  28.  The  correlation 
between  the  rotor  thrust  level  and  the  nondimensional  edgewise  shear 
force  harmonic  amplitudes  is  similar  to  that  of  the  flatwise  case  for  the 
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low  harmonics  although  it  is  not  as  marked.  The  edgewise  amplitudes 
above  the  fourth  harmonic  remain  low  throughout  the  lift  range  and  do  not 
exhibit  even  the  small  increase  at  the  highest  lift  that  was  seen  in  the 
flatwise  harmonic  amplitudes. 

The  vibratory  shear  forces  data  presented  in  Figures  9,  10,  11,  13, 
15,  17,  and  25  through  28  are  taken  from  only  a  very  small  number  of  the 
test  conditions  included  in  Appendix  I.  Sufficient  information  is  given  in 
Table  I  and  Appendix  I  to  enable  the  reader  to  replot  the  data  of  any  of 
the  116  test  conditions  in  any  of  the  forms  used  herein  and  to  evaluate 
specific  operating  conditions  in  more  detail. 


CORRELATION  OF  THEORY  AND  EXPERIMENT 


I 


The  experimental  data  for  the  seven  test  points  listed  in  Table  II 
were  correlated  with  the  theoretical  method  of  Reference  3. 

Figures  29  through  35  present  the  me?  *ured  and  calculated  shear 
force  harmonic  amplitudes.  In  Figures  29  ,  32,  33,  and  35,  the  results 
of  uniform  inflow  computations  are  also  shown.  In  comparing  the 
measured  flatwise  shear  force  harmonic  amplitudes  with  the  calculated 
variable  inflow  values,  the  second  and  fifth  harmonics  show  the  most 
consistent  difference  among  the  seven  subject  points.  In  aU  cases, 
except  at  ft  =  0.7,  it  was  found  that  the  fourth  and/or  fifth  harmonic 
of  induced  velocity  on  the  inboard  segment  of  the  blade,  as  computed  in 
the  variable  inflow  analysis,  was  higher  than  any  other  harmonics  above 
the  second.  The  effect  of  this  on  blade  response  can  also  be  seen  in  the 
calculated  flatwise  blade  bending  moments  at  f±  -  0.3,  0.4,  0.5,  shown 
in  Figure  36.  In  the  case  of  a  large  second  harmonic  difference,  it  was 
found  that  the  calculated  rotor  wake  produced  a  flatwise  loading  on  the 
outboard  portion  of  the  blade  which  was  essentially  composed  of  a  two 
per  revolution  load.  This  resulted  in  a  blade  flapping  motion  in  which 
the  primary  component  was  second  harmonic.  For  example,  examination 
of  the  flapping  coefficients  given  in  Table  I  for  the  fi  =  0. 5  point  reveals 
a  second  harmonic  magnitude  of  0. 8  degrees  as  opposed  to  the  calculated 
value  of  1. 3  degrees. 

Looking  in  particular  at  the  fj,  =  0. 2  case,  the  flatwise  bending 
moment  presented  in  Figure  37  shows  a  sharp  peak  at  the  165-degree 
azimuth  in  the  calculated  values  that  are  present,  but  is  greatly  attenuated 
in  the  measured  values.  The  cause  of  this  peak  was  traced  to  the 
representation  of  the  rotor  wake,  in  which  a  tip  vortex  from  one  blade 
is  passing  under  the  inboard  end  of  the  following  blade.  Since  the 
circulation  is  assumed  to  be  concentrated  at  the  vortex  core,  a  rapid 
increase  in  induced  velocity  is  felt  by  the  blade,  and  the  high  peak  in 
bending  moment  results.  In  the  physical  case  with  a  finite  vortex  core, 
the  increase  in  induced  velocity  is  more  gradual  and  the  blade  response 
is  less  drastic,  as  seen  from  the  measured  results  in  Figure  37.  It  was 
analytically  determined  that  a  peak  such  as  that  given  by  the  calculations 
would  cause  an  increase  in  the  magnitudes  of  all  harmonics,  and  it  is 
seen  that  a  downward  shift  of  the  calculated  shear  force  harmonics  in 
Figure  29  would  yield  a  much  better  correlation  in  every  harmonic.  As 
the  forward  speed  and  lotor  lift  are  increased  and  the  wake  is  washed 
away  from  the  rotor,  this  peaking  effect  is  diminished  as  the  subject 
vortex  passes  under  the  aft  part  of  the  rotor. 
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The  remaining  significant  differences  in  the  measured  and  calculated 
flatwise  shear  forces  are  in  the  seventh  harmonic  at  -  0.  2  and  the 
fourth  harmonic  at  fi  =  0.7,  as  shown  in  Figures  29  and  35,  respective¬ 
ly.  The  latter  difference  stems  from  the  fact  that  the  large  fourth 
harmonic  edgewise  blade  bending  discussed  earlier  in  conjunction  with 
the  measured  shear  force  data  is  not  predicted  in  the  computations,  even 
though  the  flatwise  blade  bending  moment  correlation  is  not  unreasonable, 
as  seen  in  Figure  37.  The  magnitude  of  the  computed  seventh  harmonic 
at  the  low  speed  is  a  result  of  a  resonant  excitation  of  the  third  flatwise 
bending  mode  of  the  blade  caused  by  a  seventh  harmonic -induced  velocity 
component  over  the  inboard  blade  segments  having  a  value  nearly  equal  to 
the  steady  induced  velocity. 

The  flatwise  shear  force  harmonics  calculated  with  the  assumption  of 
uniform  inflow  show  a  steady  decrease  in  magnitude  as  the  harmonic 
order  is  increased.  The  measured  results,  however,  do  not  follow  this 
pattern,  and  it  is  evident  that  without  the  higher  harmonic  excitation 
provided  by  a  variation  in  induced  velocities,  there  is  no  possibility  of 
accurately  predicting  the  harmonic  content  of  the  vibratory  shear  forces. 
At  the  high  advance  ratio ,  /x  =  0. 7,  the  difference  between  the  uniform 
and  variable  inflow  results  is  very  small,  but  the  analysis  of  wake- 
induced  velocities  used  in  this  program  was  not  developed  for  use  at  high 
speed.  Therefore,  the  similarity  of  the  two  results  does  not  necessarily 
imply  that  the  effects  of  wake -induced  velocities  can  be  neglected  at  high 
speeds.  Figure  39a,  which  shows  the  measured  and  calculated  flatwise 
shear  forces  as  functions  of  azimuth  position,  verifies  that  an  accurate 
knowledge  of  harmonics  is  the  key  to  vibratory  shear  rorce  analysis. 

Comparison  of  the  measured  values  of  edgewise  shear  force  harmonic 
coefficients  with  the  calculated  variable  inflow  values,  Figures  29  and  32 
through  35,  reveals  a  steady  decrease  in  the  degree  of  correlation  as 
forward  speed  is  increased.  This  is  primarily  evident  in  the  low 
harmonics,  where  the  measured  values  display  a  magnitude  increase  not 
matched  by  the  theoretical  values.  The  agreement  of  the  higher 
harmonics  is  better,  but  only  to  the  extent  that  both  calculated  and 
measured  values  remain  small.  It  was  shown  earlier  that  all  the 
harmonics  of  edgewise  shear  force  tend  to  increase  with  forward  speed, 
but  no  such  trend  is  evident  in  the  calculations.  This  absence,  then,  is 
the  major  deficiency  in  the  edgewise  shear  force  analysis.  Since  the 
nature  of  the  blade  edgewise  behavior  at  the  high  advance  ratios  is  not 
well  understood  because  of  the  undefined  effects  of  such  things  as  the  lag 
dampers  and  the  blade  counterweights,  and  even  though  calculated  results 
compare  favorably  at  an  advance  ratio  as  high  as  0.5,  as  seen  in  Figure 
38,  very  little  can  be  said  about  the  correlation  of  edgewise  shear  forces. 
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The  results  presented  do,  however,  highlight  the  need  for  additional 
theoretical  and  experimental  analyses  of  rotor  behavior  at  high  forward 
speeds. 

The  uniform  inflow  results  and  the  comparative  time  histories  of 
the  edgewise  shear  forces,  Figure  39b,  add  nothing  to  the  understanding 
of  the  problem  at  hand.  There  is  no  significant  difference  between  the 
uniform  and  variable  inflow  results,  and  both  results  differ  from  the  * 

measured  values  to  a  large  extent.  The  induced  velocity  analysis  does 
net  account  for  variations  of  in-plane  velocities,  but  whether  or  not  the 
inclusion  of  these  would  effect  the  degree  of  correlation  of  the  edgewise 
shear  forces  could  not  be  determined  within  the  scope  of  this  investiga-  * 

tion. 

With  respect  to  the  overall  correlation  effort,  it  is  felt  that  although 
there  is  considerable  room  for  improvement,  the  results  are  encouraging 
in  view  of  the  fact  that  it  has  been  impossible  to  even  attempt  such  a 
correlation  in  the  past  for  lack  of  detailed  experimental  data.  The 
deficiencies  in  the  flatwise  shear  force  calculations  clearly  point  to  the 
areas  in  which  improvements  should  be  made.  Namely,  the  especially 
restrictive  comparison  by  harmonics  demands  that  the  wake -induced 
velocities  be  free  of  sudden  large  variations  and  that  the  rotor  blade 
natural  frequencies  be  well  defined  through  the  high  modes.  In 
addition,  the  strong  influence  of  the  aeroelastic  behavior  of  the  rotor 
blade  in  the  edgewise  direction  necessitates  a  fundamental  understanding 
of  this  behavior  before  a  better  degree  of  correlation  can  be  achieved  at 
high  speeds. 
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CONCLUSIONS 


The  results  of  the  experimental  investigation  of  the  vibratory  shear 
forces  generated  by  an  individual  helicopter  rotor  blade  of  a  four  bladed 
rotor  system  led  to  the  following  principal  conclusions: 

1)  The  harmonic  content  of  vibratory  shear  forces  can  be  accurately 
determined  over  a  wide  range  of  forward  speeds  and  rotor  lifts  through  the 
use  of  high  sensitivity  semiconductor  strain  gages. 

2)  The  trim  condition  of  the  rotor  exerts  a  strong  influence  on  the 
amplitude  and  phase  of  the  first  harmonic  flatwise  and  edgewise  shear 
forces,  but  has  no  appreciable  effect  on  other  harmonics.  The  change  in 
amplitude  of  the  first  harmonic  forces  is  proportional  to  the  amount  of 

out -ot -trim  flapping.  The  trim  condition  exhibited  no  well  defined  effect 
on  radial  shear  forces, 

3)  Removal  of  linear  viscous  lag  damping  results  in  a  slight  increase 
in  the  flatwise  shear  force  and  either  an  increase~or  a  decrease  in  the  edge 
wise  shear  force,  depending  on  the  nearness  of  the  rotor  speed  to  a  rotor 

blade  edgewise  natural  frequency. 

4)  Increasing  forward  speed  over  a  range  of  from  75  to  300  knots 
results  in  a  gradual  increase  in  the  flatwise  shear  force.  The  edgewise 
shear  force  remains  essentially  constant  from  75  to  175  knots  and  then 
increases  rapidly  irom  175  to  300  knots,  becoming  the  predominate  force 
at  the  highest  speeds.  At  forward  speeds  above  200  knots,  the  edgewise 
bending  of  the  blade  dominates  the  shear  forces  in  all  three  directions  to 
result  in  a  significant  change  in  the  harmonic  content  of  the  shear  forces 
over  the  total  speed  range. 

5)  Increasing  the  rotor  lift  at  constant  forward  speed  produces  a 
gradual  increase  in  the  flatwise  vibratory  shear  force.  A  similar  effect 
takes  place  in  the  edgewise  shear  force,  but  it  is  confined  to  the  low 
harmonics. 

6)  The  longitudinal  first  harmonic  component  of  the  radial  shear 
force  can  take  on  values  having  a  magnitude  equal  to  those  of  the  other 
shear  forces  under  high  rotor  lift  conditions  at  low  forward  speeds  and 
under  low  rotor  lift  conditions  at  high  forward  speeds.  The  fundamental 
nature  and  significance  of  the  radial  shear  force  could  not  be  determined 
within  the  scope  of  this  investigation. 

The  comparison  of  experimental  results  and  theoretical  results 
obtained  with  a  fully  coupled  aeroelastic  analysis  led  to  the  following 
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principal  conclusions: 

1)  The  inclusion  of  tne  effects  of  wake-induced  velocities  alters  the 
theoretcial  results  in  a  direction  which  improves  the  correlation  of  the 
flatwise  shear  forces. 

2)  The  natural  frequencies  of  the  rotor  blade  must  be  well  defined 
through  the  high  harmonic  range,  because  the  use  of  wake -induced 
velocities  in  the  theoretical  analysis  necessarily  introduces  high  harmonic 
forcing  functions  which  excite  a  response  in  the  blade  that  can  be  directly 
reflected  in  the  vibratory  shear  force  harmonics. 

3)  The  theoretical  distribution  of  induced  velocities  must  be  free  of 
singular  points  having  velocities  greater  by  an  order  of  magnitude  than  the 
surrounding  points,  because  the  singular  points  tend  to  introduce  errors 
in  all  the  harmonics  of  a  force  under  consideration. 

4)  The  deterioration  of  the  degree  of  correlation  of  edgewise  shear 
forces  with  increasing  forward  speed  indicates  the  need  for  an  improved 
theoretical  and  experimental  definition  of  edgewise  rotor  blade  aeroelas- 
tic  behavior. 

5)  The  inclusion  of  wake -induced  velocities  has  no  significant  effect 
on  the  degree  of  correlation  of  edgewise  shear  forces. 
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RECOMMENDATIONS 


A  more  complete  understanding  of  the  origin  of  fuselage  excitation 
requires  additional  research  in  the  following  areas: 

1)  The  existing  model  rotor  should  be  tested  through  the  low  speed 
range  in  a  wind  tunnel  having  a  larger  cross  section  than  that  of  the 
tunnel  used  in  this  investigation.  Such  a  test  will  provide  not  only  an 
indication  of  the  magnitude  of  the  effects  of  the  tunnel-rotor  diameter 
ratio  (2:1  in  this  program)  on  the  vibratory  shear  forces,  but  will  also 
provide  supplementary  data  at  forward  speeds  below  those  evaluated 
herein. 

2)  A  new  rotor  head  having  strengthened  instrumented  sections  and 
fitted  with  the  existing  fiber  glass  blades  should  be  tested  to  provide  more 
data  at  forward  speeds  in  the  vicinity  of  300  knots.  Theoretical  analyses 
should  be  made  in  conjunction  with  this  experimental  work  so  that 
specific  questions  can  be  answered,  such  as  those  arising  in  connection 
with  the  dominance  of  the  edgewise  rotor  blade  bending  over  the 
vibratory  shear  forces. 
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TABLE  III  -  SCALING  RATIOS 


Model  linear  dimension  =  1/S  x  full  scale  linear  dimension 

Subscript  m  -  model 
Subscript  fs  -  full  scale 

Parameter 

Full  Scale  Blade 
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R  /Kt 
nr  fs 

l/S 

Areas-  A  /A^ 
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1/S2 

Total  mass  M,  /M. 

bm  hfs 

1/s3 

Stiffness  EI^  /EIYV  ,  etc. 

“m  ^“fs 

1/s5 

Angular  velocity  ft  /  '1  f 

m  t  s 

s* 

Linear  velocities  (  ft  R  )m/  (  ft  R  )f s 

1  /Vs 

Mach  number  Mm/Mfg 

I/Vs 

Froude  number 

1 

(  fl2R/g)m/(  fl2R/g)fs 

3 

Reynolds  number  RNm/RNfS 

1/S? 

Output  forces  Fm/Ffs 

1/s3 

Output  moments  Mom.  m/Mom.  fS 

1/s4 

Output  elastic  strains  €  m/  €  fs 

1 

Natural  frequencies  u)m/  u)fS 
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(b)  SEMICONDUCTOR  STRAIN  GAGE  LOCATIONS 


Figure  2.  Concluded, 
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Figure  3.  Dynamically  Scaled  Blade -Exploded  View 


Figure  4.  Dynamic  Blade  Physical  Properties. 
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Figure  6  United  Aircraft’  s  Subsonic  Wind  Tunnel. 
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(b)  DETAILS  OF  HUB  AND  SWASH  PLATE  AREA 

Figure  7.  Concluded. 
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Figure  9.  Effect  of  Trim  Condition  on  Shear  Forces. 
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Figure  9<a)  Continued. 
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Figure  9.  Continued. 
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Figure  10.  Concluded. 
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Figure  11.  Effect  of  Lag  Damping  on  Shear  Forces. 
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Figure  11.  Concluded. 
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Figure  12.  Effect  of  Lag  Damping  on  Edgewise  Blade  Bending  Moment. 
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Figure  12.  Continued. 
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Figure  12, 


Concluded. 
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Figure  13.  Continued. 
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Figure  15.  Experimental  Flatwise  Vibratory  Shear  Force. 
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Figure  17.  Experimental  Radial  Vibratory  Shear  Force 
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Figure  18.  Experimental  Blade  Moments. 
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Figure  19.  Experimental  Blade  Moments. 
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Figure  19.  Continued 
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Figure  19.  Concluded 
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Figure  20.  Experimental  Blade  Moments 
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Figure  20.  Continued. 
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Figure  20.  Concluded 
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Figure  21.  Experimental  Blade  Moments. 


86 


EDGEWISE  MOMENT. 


2 


Q«  i  i  i  i  i  i  i  i  i  >  i  i  i  •  t  i  i  i  1  i  i  1  i  i  i  i  i  i  i  i  i  i  i  i  i  i 

0  40  00  120  160  200  240  260  320  360 


AZIMUTH,  t,  d«g 

(b)  EDGEWISE  MOMENTS 
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(b)  EDGEWISE  MOMENTS 


Figure  22.  Continued. 
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Figure  23.  Continued. 
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Figure  23.  Concluded. 
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Figure  24.  Experimental  Blade  Moments. 
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(b)  EDGEWISE  MOMENTS 
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Figure  24,  Continued. 
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Figure  26.  Effect  of  Rotor  Lift  on  Edgewise  Vibratory  Shear  Force. 
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Figure  26.  Concluded. 
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Figure  27.  Effect  of  Rotor  Lift  on  Radial  Vibratory  Shear  Force. 
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Figure  27.  Concluded. 
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Figure  28.  Continued. 
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Comparison  of  Theoretical  and  Experimental  Vibratory 
Shear  Force  Harmonic  Amplitudes. 


MEASURED 

CALCULATED  ,  VARIABLE  INFLOW 


1 

T 

L  ! 

r | 

i 

B 

*> 

U 1 

u 

</> 

z 

i 

o 

• 

o 

Id 

■o 

2 

O 

(E 

Q 

1 

ro 

< 

X 

UJ 

V 

2 

o 

CM 

V  I- 


a> 

o 

6 

N 

b 

V. 

-I 

O 


fO 

6 

N 


>-> 

u 

o 

*-• 

cO 

u 

A 


CO 
«-! 

c 

<D 

s 

Vh 

<d 

& 

W 

«  6 

s , 

o 

<D 


Cfl 

d> 

•o 

3 


o 

c 

s 

•H 

Vh 

cO 

a 

£ 

Q 


o 

CO 

a> 

u 

3 

bO 

•H 

U- 


\LN3NOdHOO  OINOWBVH 


110 


Shear  Force  Harmonic 


‘IN  3N0d  WOO  OINOWHVH 


o> 

<u 

*C> 

» 

n 

to 

o 


o 

6 

H 

b 

\ 

-j 

o 


fO 

d 

(• 

=i 


tu 


9 


111 


igure  31.  Comparison  of  1  heoretical  and  bxp 
Shear  Force  Harmonic  Amplitudes. 
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Figure  32.  Comparison  of  Theoretical  and  Experimental  Vibratory 
Shear  Force  Harmonic  Amplitudes. 
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Figure  33.  Comparison  of  Theoretical  and  Experimental  Vibratory 
Shear  Force  Harmonic  Amplitudes. 


Figure  34.  Comparison  of  Theoretical  and  Experimental  Vibratory 
Shear  Force  Harmonic  Amplitudes. 
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Figure  35.  Comparison  of  Theoretical  and  Experimental  Vibratory 
Shear  Force  Harmonic  Amplitudes. 


-  MCASUNFO 

- 1 calculated  (***■*■«  "FLOW 

- \UNirrwu  INFLOW 


M*0>  cL/»*oon 


•l  ■  ■*<•» 


Figure  36.  Comparison  of  Theoretical  and  Experimental  Flatwise 
Rotor  Blade  Bending  Moments. 
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Figure  36.  Concluded. 
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Figure  37.  Comparison  of  Theoretical  and  Experimental  Flatwise 
Rotor  Blade  Bending  Moments. 
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Figure  38.  Comparison  of  Theoretical  and  Experimental  Edgewise 
Rotor  Blade  Bending  Moments. 
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HARMONIC  COEFFICIEN 
FLATWISE  SHEAR  FORCE 


APPENDIX  I 


EXPERIMENTAL  FLATWISE  AND  EDGEWISE 
SHEAR  FORCE  FIGURES 
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□  COSINE  COEFFICIENTS 
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/a  *  0.2  <*s  =  0  <teg. 

(a)  FLATWISE 

Figure  40.  Experimental  Shear  Force. 
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Figure  40(a).  Continued. 
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Figure  40(a).  Continued. 
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Figure  40.  Continued. 
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Figure  41.  Experimental  Shear  Force 
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Figure  41(a).  Continued. 
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Figure  42.  Experimental  Shear  Force. 
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Figure  43.  Experimental  Shear  Force,  Out  of  Trim,  -4  Degree 
Longitudinal  Flapping. 
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Figure  43(b).  Concluded. 
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Figure  44.  Experimental  Shear  Force,  Zero  Lag  Damping. 
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Figure  45.  Experimental  Shear  Force. 
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Figure  46.  Experimental  Shear  Force. 
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Figure  47.  Experimental  Shear  Force. 
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Figure  48.  Experimental  Shear  Force. 
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Figure  49.  Experimental  Shear  Force. 
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Figure  50.  Experimental  Shear  Force. 
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Figure  54.  Experimental  Shear  Force. 
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Figure  57.  Experimental  Shear  Force. 
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Figure  58.  Experimental  Shear  Force. 
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Figure  59.  Experimental  Shear  Force. 
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Figure  59(b).  Continued. 
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EDGEWISE  SHEAR  FORCE 
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□  COSINE  COEFFICIENTS 


COLLECTIVE  PITCH,  0,  deg. 


fi-  1.0  as=  Odeg. 


Figure  59(b).  Continued. 
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Figure  59(b).  Concluded. 


235 


FIRST  COSINE  HARMONIC  COEFFICIENT, 
RADIAL  SHEAR  FORCE,  lb. 


APPENDIX  H 

EXPERIMENTAL  RADIAL  SHEAR  FORCE  FIGURES 


FLAGGED  SYMBOLS  INDICATE  OUT-OF-TRIM  OPERATION 
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Figure  60.  Experimental  Radial  Shear  Force. 


236 


FIRST  COSINE  HARMONIC  COEFFICIENT, 
RADIAL  SHEAR  FORCE,  lb. 
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Figure  61.  Experimental  Radial  Shear  Force. 
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Figure  62.  Experimental  Radial  Shear  Force. 
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Figure  63.  Experimental  Radial  Shear  Force. 


O' 

V 

X} 


a 

o 

< 

K 

V- 


Ui 

o 

z 

< 


cr 

o 

*- 

o 

<r 


O 


qi  ‘3oao3  av3H*“  “lviava 

‘IN  3 101 33300  OINOHaVH  3NISOO  J.Sbl3 


4 


240 


Figure  64.  Experimental  Radial  Shear  Force. 
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Figure  65.  Experimental  Radial  Shear  Force. 
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HARMONIC  COEFFICIENT  ,  RADIAL  SHEAR  FORCE,  lb. 


O  SINE  COEFFICIENTS 
□  COSINE  COEFFICIENTS 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO,  C L/<r 
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Figure  66.  Experimental  Radial  Shear  Force. 


242 


o  SINE  COEFFICIENTS 
□  COSINE  COEFFICIENTS 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO,  C  L  /  <r 


p  *0.2  as  =  -8  deg. 


Figure  67.  Experimental  Radial  Shear  Force. 
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HARMONIC  COEFFICIENT,  RADIAL  SHEAR  FORCE, lb 


HARMONIC  COEFFICIENT,  RADIAL  SHEAR  FORCE,  lb. 
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Figure  69.  Experimental  Radial  Shear  Force,  Zero  Lag  Damping. 
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HARMONIC  COEFFICIENT ,  RAPIAL  SHEAR  FORCE,  lb 
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Figure  70.  Experimental  Radial  Shear  Force. 
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Figure  71.  Experimental  Radial  Shear  Force. 
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Figure  72.  Experimental  Radial  Shear  Force. 
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Figure  73.  Experirrental  Radial  Shear  Force 
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Figure  75.  Experimental  Radial  Shear  Force. 
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Figure  76.  Experimental  Radial  Shear  Force 
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Figure  77.  Experimental  Radial  Shear  Force. 
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1C  COEFFICIENT,  RADIAL  SHEAR  FORCE  ,1b. 
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Figure  78.  Experimental  Radial  Shear  Force 
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Figure  80.  Experimental  Radial  Shear  Force,  Zero  Lag  Damping. 
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0  SINE  COEFFICIENTS 
□  COSINE  COEFFICIENTS 
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Figure  81.  Experimental  Radial  Shear  Force 
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Figure  82.  Experimental  Radial  Shear  Force 
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Figure  83. 
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Figure  84.  Experimental  Radial  Shear  Force. 
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Figure  85.  Experimental  Vibratory  Moment  Amplitude,  ^.=  0.2. 
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Figure  85.  Continued. 


Figure  85.  Continued. 
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Figure  85.  Concluded. 
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Figure  86.  Experimental  Vibratory  Moment  Amplitude,  fj.=  0.3. 


qi  -uj  ‘aannidwv 
1N3W0W  AdOlVdQIA 


266 


Figure  86.  Continued. 
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Figure  86.  Concluded. 
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Figure  87.  Experimental  Vibratory  Moment  Amplitude,  /x-  0.4. 
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(c)  EDGEWISE  BENDING  MOMENT,  47 


Figure  87.  Concluded. 


274 


Figure  88.  Continued. 
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Figure  89.  Experimental  Vibratory  Moment  Amplitude,  ul-  0.7. 
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Figure  89.  Continued. 


Figure  89.  Continued. 


Figure  89.  Concluded. 


i 


f 


\ 


UJ 

Q 

Z) 

H 


Q. 

z 

< 


>- 

O 

| 

> 


ROTOR  ANGLE -OF -ATTACK,  a,  deg. 


(a)  FLATWISE  BENDING  MOMENT,  21  %  R 


Figure  90.  Experimental  Vibratory  Moment  Amplitude,  1.0. 
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Figure  90.  Continued. 
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Figure  90.  Concluded. 
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APPENDIX  m 


EXPERIMENTAL  VIBRATORY  CONTROL  LOAD 
AMPLITUDE  FIGURES 


* 


FLAGGED  SYMBOLS  INDICATE  OUT- OF -TRIM  OPERATION 
DOUBLE  FLAGGED  SYMBOLS  INDICATE  ZERO  LAG  DAMPING 


Figure  91.  Experimental  Vibratory  Control  Load  Amplitude,  0.  2. 
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Figure  92.  Experimental  Vibratory  Control  Load  Amplitude,  fJL=  0.  3. 
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Figure  93.  Experimental  Vibratory  Control  Load  Amplitude, 
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Figure  94.  Experimental  Vibratory  Control  Load  Amplitude, 
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Figure  95.  Experimental  Vibratory  Control  Load  Amplitude, 
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Figure  96.  Experimental  Vibratory  Control  Load  Amplitude,  1.0. 
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